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Introduction
Since the first exfoliation of graphene [1, 2] , it has attracted intense interest in both scientific research and industrial applications as a promising 2D material due to its physicochemical M A N U S C R I P T
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2 properties [2, 3] , including electronic properties [4] , high thermal conductivity [5] , mechanical strength [6] , optical transparency [7] , and large surface area to volume ratio. For instance, numerous studies have explored the high electrical conductivity and carrier mobility of graphene at room temperature (RT) [2] for usage in energy storage devices [8, 9] and transistors [10, 11] . With a large active surface area, one-atom thickness, and delocalised π electrons, graphene enables the detection of changes in the surrounding environment with molecular level sensitivity [12] , e.g. for sensing gases [12] , humidity [13] , and biomolecules [14] . Potential bioanalytic applications of graphene have also attracted wide attention. For these applications, graphene often needs to be exposed to or in contact with aqueous systems.
Therefore, it is important to understand the structure of graphene in water, since the physical properties of graphene are influenced by its structure (i.e. thickness [15, 16] , lattice order [17, 18] , defects [19, 20] , and impurities [21] ) and that of the underlying substrate [22] .
Several investigations have been reported on the effects of water on graphene and its derivatives. Using contact angle (CA) measurements, it has been shown that the structure (such as thickness and layer stacking) and charge transfer between graphene and its surrounding environment could influence the interaction between water and graphene [13] , although the mechanism remains unclear. Specifically, it has been reported that the hydrophobicity of graphene on a copper foil [13] and a SiC wafer [23] increased with the number of graphene layers. Molecular dynamic simulations showed that free-standing graphene was hydrophobic [23, 24] , due to the hydrogen bond network within a water double layer formed on the graphene surface.
Studies on the interaction between biomolecules and graphene and its derivatives in aqueous media have also been reported [14, 25] . A number of techniques for studying interfacial adsorption, such as atomic force microscopy (AFM) [26, 27] , imaging total internal reflection fluorescence correlation spectroscopy (ITIR-FCS) [27] , quartz crystal microbalance with dissipation monitoring technique (QCM-D), and dual polarization interferometry (DPI) [28] , have been applied to graphene. In addition, adsorption of biomolecules on graphene can be monitored by changes in the electrochemical performances of graphene, using techniques such as cyclic voltammetry and differential pulse voltammetry [29, 30] .
However, these methods provide limited structural information on the adsorbed molecular layer at the buried graphene-water interface. X-Ray reflectivity (XRR) is a rigorous and quantitative technique for probing structural features of nanofilms at buried interfaces [31] [32] [33] [34] [35] M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 3 with sub-Ångström resolution. It has been used to study epitaxial graphene on SiC in air [36, 37] and in water [23] . Moreover, in combination with photoemission electron microscopy (PEEM) and AFM imaging, XRR has been recently used to provide detailed structural information such as the layer thickness, coverage, morphology, and composition of chemical vapor deposited (CVD) graphene on Si/SiO 2 substrates, where a slight thermal expansion of graphene has also been observed upon heating it from 25 °C to 60 °C [38] .
Here, we have used synchrotron XRR to investigate the graphene-water interface at different temperatures (25-60 °C) , complemented by AFM imaging and contact angle measurements at RT. In addition, the effect of phosphate buffered saline (PBS) on the graphene surface structure has also been probed. This was motivated by a previous report that soaking graphene in water for 24 h facilitated lipid bilayer formation in PBS solutions [39] , instead of monolayers without soaking [40] . In this work, the structure of graphene was studied by XRR before and after submergence in Milli-Q ® water for 24 h. Our results provide valuable information on the structure of the graphene-water interface and the interaction between the ions and graphene in an aqueous medium. The study also demonstrates the feasibility of XRR to study the adsorption of ionic and molecular species and their thin film structure on the graphene surface, and such fundamental knowledge underpins bioanalytic applications in which graphene comes into contact with liquids.
Experimental methods

Materials
CVD graphene used in this study was purchased from Graphenea Inc 1 . Graphene was grown on a copper (Cu) foil and then covered with a spin-cast polymethylmethacrylate (PMMA)
layer. The Cu foil was then etched away using FeCl 3 and the graphene with PMMA transferred onto a 1 cm × 1 cm Si wafer with a 300 nm SiO 2 oxide layer. Finally, the PMMA layer was washed off using organic solvents. Our recent XPS analysis of the graphene samples obtained from the same supplier indicated the presence of PMMA residues, whilst no Cu (the CVD substrate) and FeCl 3 (the etchant) was detected on the samples [38] , an observation consistent with literature [21] ; and the XRR analysis indicated that the graphene samples studied possessed a thickness of 13.0±1.0 Å [38] . 
Experimental methods
The AFM measurements were conducted by PeakForce feedback control (Bruker, CA, USA) in air and aqueous systems using a MultiMode VIII microscope with a NanoScope V controller. The cantilever employed was SCANASYST_FLUID+ with nominal spring constant of 0.7 N m -1 and a tip radius of 2 nm. The static contact angle measurements were performed using the Sessile drop method on a KRÜSS® DSA100 instrument. Synchrotron XRR measurements were performed at beamline BM28-XMaS, European Synchrotron Radiation Facility (ESRF), Grenoble, France. A custom-designed liquid cell shown schematically in Figure 1 [32, 38, 41] was used for XRR experiments, with graphene samples mounted on the sample stage. The cell was sealed by two polyester (Mylar®) windows, providing a total liquid capacity of 5 ml. To investigate the influence of submerging graphene in water on its surface structure, XRR curves were collected on graphene within 10 min after it was exposed to Milli-Q water, which was the time required for sample alignment. The graphene then remained submerged
under water for a further 23-24 h before XRR measurements were made again. Subsequently, water was replaced by PBS, and the XRR curves were collected at 25 °C, 40 °C and 60 °C, after which the samples were cooled back to 25°C to compare with the initial stage. As a control, bare graphene that had not been submerged in water was also measured in PBS at RT. Each heating and cooling step took ~10 min and ~20 min, respectively, with a furhter10 min allowed for thermal equilibrium before the measurement was made.
The X-ray beam energy was 14 keV (with a corresponding wavelength λ = 0.8856 Å), and the beam size as defined by aperture slits was 100 µm (vertical FWHM) × ~255 µm (horizontal FWHM). A consideration for XRR measurements in aqueous media is the absorption of Xrays by water. The liquid thickness in the custom-designed XRR cell (cf. Figure 1 ) was 1 cm, permitting ~20% transmission at 14 keV X-ray energy, which is sufficient for XRR measurements [41] . Specular XRR scans were collected with the incident angle θ i varying from 0.06-3.0º and the reflection angle θ r = θ i , corresponding to a momentum of transfer Q = 4πsin(2θ/2)/λ range of 0.015-0.74 Å -1 , where 2θ = θ r + θ i . The specular reflection was detected at each angle using an avalanche photodiode detector (APD), as shown in Figure 1 .
XRR data fitting was performed by using Motofit in Igor Pro (WaveMetrics, Inc., Lake
Oswego, OR, USA), using the Abeles matrix method, which generates the same result as
Parratt's recursive method [42] . A genetic algorithm optimisation is adopted in this software to minimize the χ 2 value, which shows the goodness of fitting,
where L is the number of collected data points; P the number of variables which are varied during fitting, e.g. the number of layers (n), the scattering length density (SLD, ρ n , definition and calculation in Supporting Information section SI-1), the thickness (t n ), and the interfacial roughness (R a,n ); y 0 the measured value; and y the corresponding theoretically fitted value yielded from the used parameters. Reflectivity curves with mild fringes (i.e. reflectivity R variations w.r.t. Q) were plotted as RQ 4 vs. Q instead of logR vs. Q, as shown in Figure 2b and Figure 5a , to show more clearly the Kiessig fringes [43] . In total, 12 XRR measurements on 3 graphene samples were studied in 2 separate synchrotron experiments, and the results shown below are representative of these measurements. The XRR curves collected from different graphene samples were reproducible.
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3 Results and discussion
XRR of the graphene-water interface
XRR data fitting used a Slab Model, with ρ n , t n , and R a,n the SLD, thickness, and roughness of the n th slab/layer as defined in Table S2 in SI-1). c) The fitted SLD ρ n of the graphene sample in air (dash line) and in water (solid line), plotted against z, the distance form the SiO 2 surface, with the SLD variations highlighted in different coloured regions across the interfaces of the graphene sample in air and in water. Each coloured region, with the width representing t n , represents a modelled layer as defined in a). The contaminant layer on graphene (represented as Gr) in air [38] is highlighted in pink, and a diffuse layer is present on the graphene in water.
From the fitted SLD profile of graphene in air shown in Figure 2c , the interfacial structure of the sample consisted of a graphene layer (represented as Gr in Figure 2a ) with a contaminant layer comprising graphene multilayers and PMMA residues atop. The latter layer exhibited a thickness t c = 11.8±1.2 Å and an SLD ρ c = 9.80×10 -6 Å -2 [38] . After the injection of water or PBS in the XRR liquid cell (cf. Figure 1 ), the contaminant layer on the graphene sample seemed undetectable, substituted by a diffuse layer at the interface with an SLD profile which gradually increased from ρ d = ~6.7×10 -6 Å -2 to ρ water = 9.44×10 -6 Å -2 of the bulk water. The SLD of this diffuse layer was smaller than that of graphene (ρ g = 18.20×10 -6 Å -2 ) or PMMA (ρ PMMA = 10.81×10 -6 Å -2 ), and was between that of air (ρ air = 0 Å -2 ) and water, whilst the high roughness R a,d (>30 Å) value indicates a highly heterogenous interfacial structure (fitted values shown in Table 1 ). We suggest that this reduced SLD of the interfacial layer could be attributed to the formation of flattened air bubbles of nonuniform coverage on the graphene surface, as shown schematically in Figure 2a . The mixed SLD (ρ mix ) of a binary mixture could be calculated as
where ϕ is the volume fraction of one component and ρ i is the SLD of constituent i, respectively; the volume fraction of air in this diffuse layer, ϕ air , can be then calculated, which is ~30 % as shown in Table 1 and the calculation method of ϕ air is described in detail in SI-1.3. Such an SLD reduction has been previously observed on a rough polystyrene surface M A N U S C R I P T
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8 [45] . Further AFM imaging suggested that this diffuse layer was a consequence of both the contaminant and the air bubbles present on the surface [46] . 
AFM imaging at the graphene-water interface
AFM topological images (Figure 3a ) have also been collected to reveal the morphology of the graphene-water interface and were processed using the NanoScope Analysis software. We have previously studied the The topological images of the graphene sample in air, which indicated that the surface was comprised of the SiO 2 substrate, graphene, and the defects (highlighted in white rectangles in Figure 3a ) that consisted of PMMA and multilayer graphene flakes [38] . However, it was a lot more challenging to obtain good quality, reproducible images under water, which is probably ascribable to a more complicated structure with inhomogeneous coverage. In addition, the presence of soft air bubbles could make it difficult for the AFM scanning tip to engage with surface. As a result, the AFM images of the graphene-water interface did not provide conclusive supporting evidence for the presence of the bubbles.
For the example under-water image shown in Figure 3a , the maximum difference in the height, ∆h max , increased by ~11 Å compared to air (   Table 2) . Meanwhile, the graphene roughness given by the height deviation R ave and height root-mean square R sq also increased, consistent with a more inhomogeneous interface caused by the formation of air bubbles (high resolution AFM topological images in Figure S3a in SI-2). 
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It can be observed from the Gaussian peak fittings shown in Figure 3b that the height distribution on the solid-water interface (with FWHM values of peaks c and d 11.5 Å and 10.6 Å, respectively) was broader than that at the air-water interface (with peaks a and b
possessing FWHM values 8.4 Å and 7.5 Å, respectively), suggesting the existence of more inhomogeneous structures on the graphene-water interface compared to air. Particularly, as indicated by an oval in Figure 3a , a bubble-like area of size ~189 nm (length) × 88 nm (width) × 10 nm (height) was detected. The air bubble layer from XRR fitting (cf. Table 1) has a smaller thickness (t d = 84.9 Å) but a higher roughness (R a,d = 31.9 Å). One possible reason for the differences is that the XRR measures and thus gives the average value of a surface layer over a much larger footprint (~200 µm × 1 cm), whilst AFM measures a much smaller sample area (~ a few µm 2 ) and thus reflects a much more localized structure [38] . It should be borne in mind that a more complex structure could be present on graphene, including residual PMMA contaminants and, graphene multilayers, and the potential contaminants accidentally introduced during the experiments [47] , which could not be distinguished by topological images only. Although AFM imaging did not provide conclusive topography information on graphene under water, it indicated that the interfacial structure was different from that in air. It was also qualitatively consistent with the XRR results which were indicative of an inhomogeneous interface. Further effort with AFM imaging remains a focus of our future work.
Effect of submerging CVD graphene on Si/SiO 2 under water
The sessile drop water contact angles (CAs) of graphene before and after soaking graphene in water for 24 h are shown in Figure 4b . For the soaked graphene samples, the water residues were removed by two methods: drying naturally or using an Ar flow to dry the surface gently.
A noticeable reduction of graphene water CA was observed with both methods. The results (described in detail in SI-3) showed that the water CA on graphene decreased from 84.9±0.4° to 55.6±0.4° after it had been submerged under water for 24 h, indicating that the graphene sample became more hydrophilic. It has been shown that prolonged exposure to water could lead to graphene detachment from the substrate [50] . However, our XRR analysis (see below)
shows unequivocally the presence of graphene after water soaking in our case. Whether graphene is hydrophobic or hydrophilic is still somewhat controversial in the literature.
Graphene was once believed to have similar wettability to graphite (water CA = ~80-100°), while some CA measurements suggested it was hydrophobic, and even superhydrophobic [48] . More recent studies showed that the interaction between water and graphene was M A N U S C R I P T
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11 affected by the graphene surface structure and related parameters, such as the graphene layer thickness [23, 49] , the presence of defects [23, 48] and adsorbates [24, 48] , underlying substrates [50] , and the doping of graphene [51] . Both the surface energy and the topological features should contribute to the observed wettability of such a heterogeneous material. Thus, it is possible that graphene hydrophobicity reflects its various surface roughness and related chemical inhomogeneities due to different fabrication methods [48, 49] .
It has been reported that trapped air bubbles could form at the solid-liquid interface particularly when nanotextures or multi-scale roughness were present at the interface, resulting in the Cassie-Baxter wetting state, which would then lower the solid-liquid adhesion and manifest in apparent higher hydrophobicity [52, 53] . If water permeates the surface textures, transforming the wettability from the Cassie-Baxter state to the Wenzel state [54] , the hydrophobicity of the material would decrease, consistent with our observation of the decreased CA after 24 h water submergence. In addition, the SLD profile in Figure 4a indicates that no diffuse air-bubble layer was present on top of graphene after water-soaking, and that water had fully spread on the surface, as shown schematically in Figure 4c Furthermore, the SLD of the underlying substrate increased from ρ s = 18.91×10 -6 Å -2 before water soaking, a value matching the theoretical SLD of SiO 2 , to ρ s = 21.32×10 -6 Å -2 after soaking (cf.
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13 Table 2 ). We attributed this to the formation of Si(OH) x by the rehydration of the amorphous silica, as the SLD of silanol is ρ = 28.72×10 -6 . Water molecules can permeate through graphene lattices and interact with silica substrate [55] , leading to a higher electron density due to the formation of hydroxyl groups on the surface. The silica substrate is normally stable in water, and the formation of silanol layer is not considered in most of the cases, because of the low diffusion velocity of water molecules (only 6 Å per 1000 min at 25 ºC) in bulk silica.
However, molecular diffusion can be accelerated by increasing temperature [56] . We thus postulate that the prolonged submergence of the sample in water and subsequent increased temperature during XRR measurements led to the formation of detectable silanol groups, which could also contribute to the enhanced wettability observed after water soaking.
The fitted thickness of the silanol layer is t s = ~75 Å, a value much higher than the theoretical one (8.64 Å after soaking in water for 24 h [56] ), and the ρ s profile also decreased gradually towards the bulk silica. Meanwhile, the fitted roughness of the silica substrate is also high R a,silica = ~65 Å. It is possible for water to penetrate the amorphous silica, leading to a relatively thick and rough interfacial layer. The observation of this silanol layer underneath graphene has important implications, as the acidity of silanol could lead to high affinity for ions and biomolecules [57] . It has also been reported that the presence of silanol on the SiO 2 substrate underlying graphene could change the electric properties of graphene, due to the electric dipoles possessed by the adsorbed water [58] . This could enhance the doping of graphene to water, thus enhancing its wettability. Figure 2c ). The fitting parameters and SLD profiles for these XRR curves are given in Table   S2 and Figure S2 , respectively, in SI-1. The thickness t a and SLD ρ a of the ion adsorbed layer atop graphene (as illustrated in Figure 4c in section 3.3) increased after water was replaced with PBS at RT. In addition, as listed in Table 1 , the fitted SLD value ρ g = 19.17×10 -6 Å -2 of un-soaked graphene is also higher in PBS than that in air (ρ g = 14.93×10 -6 Å -2 ). This again is consistent with the assumption of ion adsorption on graphene. It has been shown by molecular dynamics simulations that graphene could attract, due to π-conjunction and polarizability, both cations [59] [60] [61] and anions [62, 63] , such as Na + (ρ = 86.75×10 The interfacial roughness R a,g between graphene and the ion adsorbed layer decreased at higher temperatures (Figure 5b ), which could be due to the ions residing in the defects and on the contaminants of the graphene surface and reducing the apparent roughness. The thickness t s of the silanol layer also increased upon heating (Figure 5d ), thereby promoting ion adsorption to the substrate [57] . The effect of temperature on the ion adsorption can be triggered by the enhanced mobility of ions at higher temperatures [64] . In addition, the structure of graphene itself can also play an important role in response to the temperaturedependent ion adsorption. A simulation study has reported that water could form an ice-like double layer structure on free standing graphene, preventing the interaction between graphene and the bulk solution [24] . This interfacial water structure was found disrupted at 340 K (67 °C), which is close to where we observed enhanced ion adsorption.
Summary and concluding remarks
In this study, we have applied synchrotron XRR to characterise the surface structure of graphene in water and PBS. The surface structure of graphene submerged under water for 24 h was also studied. AFM imaging provided inconclusive topological morphology of graphene under water, due to the intrinsic experimental difficulties associated with the technique while XRR results also suggested that, after water soaking, and the formation of a silanol layer formed on the SiO 2 /Si substrate, which could also alter the electric properties of the graphene/silica sample [58] and contribute to the observed reduction in the water contact angle. Furthermore, ion adsorption was inferred from the increased SLD of the layer atop graphene observed on water-soaked graphene in PBS, with the fitted interfacial structure consisting of an additional ion adsorbed layer. The ion adsorption was enhanced by heating the solution to 60 ºC, which was retained after cooling. We attributed this change to the higher ion mobility, the higher ion affinity of the formed silanol layer on the substrate, and the disruption of the ordered water structure at high temperatures as reported previously [24] .
These unprecedented results are relevant to bioanalytic and nanotechnological applications of graphene in which its structure at the interface between water and electrolyte solutions is an important consideration to the efficacy and functionality of the devices or the processes. The capability of XRR to detect the air bubbles exist on the hydrophobic interfaces can be also utilized on examining the wettability of a surface with sub-micro precision, compared with CA measurements that only provide the bulk wetting. It will be useful and interesting to further investigate, using the XRR method reported here, graphene samples without the PMMA-residues, to ascertain their effect on the presence of the air bubble layer, the diffuse layer, and ion adsorption. This remains a focus of our future studies.
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